Abstract: Two series of bio-based diaminopentane hexanedioic salt (DHS) modified polyesteramides were successfully synthesized by two different synthesis processes in which DHS reacted with bis-hydroxyethyl terephthalate (BHET) and low molecular weight polyester (LPET), respectively. The intrinsic viscosities of the polyester amides ranged from 0.62 dl/g to 0.78 dl/g, which correlated greatly with the requirements of subsequent processing such as spinning. The results of the hetero nuclear multiple bond correlation (HMBC) indicated that the diaminopentane segment was directly connected with the purified terephthalic acid (PTA) segment. The presence of ester and amide group characteristic peaks in the Fourier transform-infrared (FT-IR) spectroscopy confirmed that the final resultant products were polyesteramides. The results of elemental analysis showed that the ratio of actual nitrogen content to theoretical nitrogen content of two series of polyesteramides was 76%~90%, and the actual nitrogen content in both series was proportional to the addition of DHS.
Introduction
Polyethylene terephthalate (PET) fiber has a compact molecular chain, and a symmetrical and rigid benzene ring structure. It is widely applied in many fields because of its good thermal stability and mechanical properties (1) . However, due to the high crystallinity and lack of hydrophilic group in molecular chains, PET has poor hygroscopicity, dyeability, antistaticity and hard handfeel. On the contrary, polyamide (PA) fiber has better strength, antistaticity and hygroscopicity, but has lower heat resistance and light stability, and poor shape retention. In recent years, how to combine the advantages of polyester and polyamide for preparation of a new kind of polyesteramides has become a key project on polymers (2) (3) (4) . In this study, two series of bio-based diaminopentane hexanedioic salt (DHS) modified polyesteramides were successfully synthesized by two different synthesis processes in which DHS reacted with bis-hydroxyethyl terephthalate (BHET) and low molecular weight polyester (LPET), respectively, also the intrinsic viscosities and the chemical structures of these two series of polyesteramides were characterized.
Experiment

Raw materials and reagents
Purified terephthalic acid (PTA), industrial grade (Hengli Petrochemical (Dalian) Co., Ltd., Dalian, China); ethylene glycol (EG), AR grade (Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China); Sb 2 O 3 , CP grade ( Sinopharm Chemical Reagent Co., Ltd., China); DHS, industrial grade ( Shanghai Kaisai Biotechnology Research and Development Center Co, Ltd., Shanghai, China) were used.
Synthesis reaction
Synthesis of polyesteramides series 1
BHET was first developed by the esterification of PTA and EG in the presence of Sb 2 O 3 catalyst. Later, polyesteramides was produced by polymerization of BHET and DHS as follows:
The complete process flow chart of synthesis is given in Figure 1 . Certain weight proportions of PTA and EG were reacted in the presence of Sb 2 O 3 catalyst at 230~240°C for 2.5~3.0 h for esterification. BHET was obtained when the volume of water generated in the esterification condenser was over 90% of the theoretically calculated volume of water. Nitrogen was used as a protector during the whole esterification progress. After esterification, when the reaction temperature was below 150°C, DHS in a certain molar ratio (Table 1) was added into the reaction chamber. In order to prevent rapid oxidation of DHS at high temperature, a significant amount of nitrogen was added to the reactor and the inside gas was replaced with nitrogen twice as soon as reactants feeding was finished. Then the reaction mixture was stirred for 20 min at constant pressure to ensure a homogenous mixture. Temperature and pressure were maintained in the range of 265~275°C and 50 Pa, respectively for 2.5~3 h. When the reaction was over, a small amount of nitrogen was added into the reactor to maintain the micro-positive pressure to discharge the product. Then the polyesteramides series 1 were obtained by grain-sized dicing and drying.
Synthesis of polyesteramides series 2
Polyesteramides series 2 were produced by polymerization of DHS and low molecular weight LPET which was generated by the pre-polycondensation of BHET. BHET was obtained as a result of esterification between PTA and EG and the chemical equations are shown as follows. Figure 2 shows the synthesis process of polyesteramides series 2. The process of esterification was the same as that of polyesteramides series 1. When the reaction was over, the temperature of the reactor was regulated between 270 and 280°C and meanwhile the vacuum pump with vacuum degree under 50 Pa was turned on. Half an hour later, low molecular weight LPET was obtained. DHS in a certain molar ration (Table 1) was added when the temperature was below 150°C followed by nitrogen replacement of internal gas twice for preventing quick oxidation of DHS. The reaction mixture was constantly stirred for 20 min at constant pressure and the temperature of the reactor was controlled in the range of 265~275°C for 3 h under 50 Pa vacuum pressure. After the reaction was over, a small amount of nitrogen was added into reactor to attain micro-positive pressure to discharge the product and the polyesteramides series 2 were obtained by grain-sized dicing and drying.
Characterization and analysis
Intrinsic viscosity test
Polyesteramides levigated by a micromill were first dried at 110°C for 8 h under vacuum. Dried polyesteramides of 0.25 g were dissolved in the 50 ml mixed solution of phenol and tetrachloroethane mixture (mass ratio 1:1), and then intrinsic viscosity was measured by a NCY-2 automatic viscometer (Shanghai S.R.D. Scientific Instrument Co., Ltd., Shanghai, China).
Nuclear magnetic resonance (NMR) test
The structure of the polyesteramides was characterized by a Bruker 400M NRM spectrometer with tetramethylsilane (TMS) as an internal primary standard substance. The sample of 5~10 mg was dissolved in the solution of CF 3 COOD in a test tube and the NMR was carried out in the probe with H-NMR scanning 16 times, 13 C-NMR 10,240 times and HMBC 128 times.
Fourier transform-infrared spectroscopy (FT-IR) test
An FT-IR test was conducted with a Nicolet 6700 (Thermo Fisher Company) with a scanning range between 400 and 4000 cm -1 , a resolution of 4 cm -1 and a scanning number of 10 times.
Elemental analysis test
The contents of C, H and N in the samples were measured by an Elmentar Vario EL III elementary analyzer (Germany).
Results and discussion
Intrinsic viscosity analysis of polyesteramides
Intrinsic viscosity is one of the basic parameters of a polymer reflecting its molecular weight. The intrinsic viscosity of polyesteramides is between 0.62 and 0.78 dl/g (as seen in Table 2 ) which is the suggested range (0.55~0.80 dl/g) of intrinsic viscosity appropriate for spinning polyester. (6) . During the synthetic process, EG was hydrolyzed to produce DEG as follows. δ = 3.72 ppm in position a is the proton peak of -CH 2 -in pentanediamine, δ = 1.64 ppm in position c is the proton peak of -CH 2 -in pentanediamine, δ = 2.57 ppm and δ = 2.81 ppm in position d′ and d, respectively, are the proton peaks of -CH 2 -in adipic acid, δ = 1.79 ppm in position b is the proton peak of -CH 2 -of pentanediamine, and δ = 1.89 ppm in position e is the proton peak of -CH 2 -of adipic acid. It is evident, from the 1 H-NMR spectra that the expected chemical structure was formed. H-NMR spectra of polyesteramides are shown in Figure 3 . It is apparent from Figure 3 that δ = 7.92 ppm ~8.23 ppm at position 1 is the proton peak (5) of hydrogen in the benzene ring of PTA, δ = 4.67~4.93 ppm at potion 2 is the proton peak of aliphatic hydrogen of EG, δ = 4.0~4.5 ppm is the peak of hydroxyl group and methylene of DEG, which was the by-product of the reaction Polyesteramides composition can be quantitatively calculated, as the area of proton peak in NMR spectra is proportional to the number of H. The practical ratio of bio-based diaminopentane hexanedioic salt to PTA was determined by the peak area ratio of a to 1 in Figure 3 . It is obvious from Table 3 that with increasing DHS quantity, the response rate slightly decreases from 90% to 83%. The response rates of polyesteramides in series 1 and 2 have no obvious difference.
NRM analysis 4.2.1 1 H-NMR analysis
Analysis of HMBC spectra
2D-NMR unfolds the resonance signals on the same frequency axis which is overlapped in the 1D-NMR significantly, improving the resolution of the spectra and providing much information about the dynamics and structure that the 1D test fails to provide (7-10). Herein, one axis of the 2D-NMR spectra is the 2.1 only explained that there were polyester and polyamide units in the synthesized products, while the further study here on the products by means of HMBC analysis will certify relevance of polyester and polyamide.
There are four relevant reactions among DHS, BHET and LPET. It can be observed from Figure 4 (the chemical shifts of carbon and hydrogen in the designated positions have been marked), relevance 1 is the structural formula of the product generated by PTA and diaminopentane; relevance 2 is the structural formula of the product generated by EG and adipic acid; relevance 3 is the structural formula of the product generated by diaminopentane and adipic acid; and relevance 4 is the structural formula of the product generated by PTA and EG. The 2D-NMR spectra of sample 1 of polyesteramides in series 1 and sample 4 of polyesteramides in series 2 are elaborated in Figure 5 . Based on the triple-bond long-range coupling relationship denoted by C-NMR, confirms that the chain segment of PET is also among the reaction products. Accordingly, it is certified that the abovementioned four reactions succeed and that the bio-based DHS participated in the polymerization.
FT-IR analysis
It is evident from the infrared spectra shown in Figure 6 enhanced ( Figure 6 ). The difference between the two series lies in the fact that when the identical amount of DHS was added, the absorption bands of amide I and II of sample 1 and 4, 2 and 5, 3 and 6 were almost overlapped ( Figure 7 ). It reveals that the both kinds of synthesis have negligible influence on the polyesteramides.
Elemental analysis
The theoretical nitrogen content and the nitrogen content of each sample of polyesteramides measured by an elementary analyzer are shown in Table 4 . When the feed molar ratio of DHS to PTA in polyesteramides is between 0.05 and 0.15, the ratio of the measured and theoretically calculated nitrogen content in series 1 and 2 are always between 76% and 90%, and the measured nitrogen content of two series are proportional to the added amount of DHS. DHS decomposition by heat or oxidation turned into small molecules which are expelled from system may be the reason behind the lower nitrogen content presence than that which is theoretically calculated.
Conclusions
Two series of polyesteramides were successfully synthesized by means of direct esterification with DHS as a modified monomer, and the chemical structure of the polyesteramides were characterized. The following are the major findings of this study, 1. The intrinsic viscosities of the polyesteramides ranged from 0.62 dl/g to 0.78 dl/g, which were greatly in accordance with the requirements of subsequent processing such as spinning.
2.
1 H-NMR spectra showed that the response rate of DHS to PTA in polyesteramides were 83%~90%, which indicated that DHS was fully involved in the reaction. 3. 2D NMR spectra showed that the chain segment of diaminopentane was directly linked to that of PTA, the chain segment of adipic acid was directly linked to that of EG, and the chain segments of PET and PA56 were among the reaction products. It was revealed that DHS was involved in the reaction and succeeded in synthesizing polyesteramides. 4. FT-IR spectra showed that the characteristic peaks of both esters and amides existed in the FT-IR spectra. It was discovered that the synthetic product had both ester and amide bonds, certifying that the product was polyesteramide. Besides, an increment in DHS improved the absorption bands of amide I and II gradually. 5. Elemental analysis showed that the ratio of actual nitrogen content to theoretical nitrogen content of two series of polyesteramides was 76%~90%, and the actual nitrogen content in both series was proportional to the addition of DHS.
